ABSTRACT
correlated electronic structure methods and extended one-electron basis sets. The electron detachment energies were calculated using the coupled cluster method with single, double, and noniterative triple excitations. Geometrical relaxation of the molecular framework upon electron attachment and the difference in the harmonic zero-point vibrational energies between the neutral and the dipole-bound anionic species were calculated at the MP2 level of theory. We demonstrate that the dispersion interaction between the loosely bound electron and the electrons of the neutral molecule is an important component of the electron binding energy, comparable in magnitude to the electrostatic electron᎐dipole stabilization. The geometrical relaxation upon electron attachment and the change in the zero-point vibrational energy is important for the weakly bound HF dimer. The predicted values of the vertical electron detachment energies for the dipole bound states of CH CN and C H of 112 and 188 cm y1 , 3 3 2 respectively, are in excellent agreement with the recent experimental results of 93 and y1 Ž . y 171 " 50 cm , respectively. For HF , the predicted value of adiabatic electron 2 detachment energy is 396 cm y1 , whereas the experimental vertical detachment energy is 508 " 24 cm y1 . The possibility of formation of the neutral dimer in an excited vibrational state is considered. Tbi nd an electron was set forth in the seminal w x contribution by Fermi and Teller 1 . For dipole moments greater than this value, there is an infinity of bound states within the context of the Ž . Born᎐Oppenheimer BO approximation. It was subsequently shown that the same critical moment exists for finite dipoles, even in the presence of a w x short-range repulsive core potential 2᎐4 . Garrett demonstrated that the critical dipole moment increases by a few tenths of a Debye and becomes molecule dependent upon inclusion of non-BO efw x fects 5᎐7 . However, non-BO effects are relatively unimportant for dipole-bound states with electron binding energies much larger than the molecular rotational constants.
It was demonstrated about two decades ago that the loosely bound electron occupies a hybridized orbital localized on the positive side of w x the molecular dipole 8 . The average separation between the loosely bound electron and the neu-Ž . tral polar molecule is large typically 10᎐100 A . A variety of electronic structure methods have been Ž . used to calculate electron binding energies E b i n d in the context of the BO approximation. The electrostatic model of dipole-bound states and the large separation between the loosely bound electron and the neutral core led many researchers to Ž . w x adopt a Koopmans' theorem KT approach 9 , in which the electron binding energy, E K T , is esti-
mated from the negative of the energy of the relevant unfilled orbital obtained from a Ž . Hartree᎐Fock self-consistent-field SCF calculation on the neutral molecule. This is a static approximation which neglects both electron correlation and orbital relaxation effects.
Orbital relaxation effects, which are included when the binding energy is obtained from the difference of the SCF energies of the neutral and anionic species, have proven to be quite small. On the other hand, the role of electron correlation effects is more controversial. Early studies of diatomics indicated that electron correlation effects w x are of secondary importance 10᎐16 . However, a significant destabilizing electron correlation effect was found in a coupled cluster study for the dipole-bound anion of nitromethane. This was interpreted as a consequence of a sizable overestimation of the neutral molecule dipole moment at the w x SCF level of theory 17 . Recently, Gutsev and Adamowicz studied dipole-bound anions for a sew x ries of polar organic molecules 18 
Ž .
i how significant are electron correlation and orbital relaxation effects in determining the energy Ž . of binding of electrons to polar molecules and ii how important are geometrical relaxation and the change of the zero-point vibrational energy upon electron attachment. Electron correlation was in-Ž . cluded by means of Møller᎐Plesset MP perturbation theory as well as by the coupled cluster for the single, double, and noniterative triple excitaw Ž .x w x tions CCSD T method 22 . In addition, the second-order dispersion interaction between the loosely bound electron and the neutral molecule was estimated from the MP2 binding energy. The minimum energy structures and harmonic vibrational frequencies of the neutral and anionic species were determined at the MP2 level of theory, and the dipole moments and polarizabilities of the neutral species were both calculated at the SCF and MP2 levels to aid in analyzing the factors important in determining the magnitude of E .
The molecules studied here are CH CN, C H , pected to be of secondary importance. In addition to a dipole-bound state, C H also has a bound 3 2 w x valence anion state 26 , which will not be considered here. Some of our theoretical results for CH CN and C H were reported in a recent 3 3 2 w x letter 27 .
For the covalent CH CN and C H molecules, 3 3 2 it is expected that geometrical relaxations of the nuclear framework upon attachment of an electron will be very small as would be the vibrational zero-point energy corrections to the binding enerw x gies. In fact, the results of 18 indicate that these effects contribute less than 3 cm y1 to E for
CH CN. On the other hand, the HF dimer is bound 3 by a weak hydrogen bond and its equilibrium C s structure differs significantly from a linear structure which would maximize the dipole moment of the complex. We anticipate therefore a sizable geometry change upon electron attachment and possibly also a difference between the adiabatic and vertical electron detachment energies.
Computational Details
Dipole-bound anions pose a serious challenge to ab initio electronic structure techniques. The diffuse character of the outermost electron necessitates the use of very flexible basis sets containing functions with very low exponents. In our work, w x we used the aug-cc-pVDZ basis set 28 supplemented with diffuse s, p, and d symmetry func-Ž . tions centered on the carbon atom CH CN, C H Ž . used a three-term sp set with exponents 5.625 y3 , Ž . Ž . 1.125 y3 , and 2.25 y4 au for geometry optimization and harmonic frequency calculations and an extended even-tempered seven-term sp and eight-term d set for highly correlated single-point calculations. For the latter set, the ratio between consecutive exponents is 3.2 and the smallest ex-Ž . ponent is 2.2 y5 au for each angular momentum.
Ž . For HF , we used an even-tempered five-term sp 2 and five-term d basis set, with the lowest expo-Ž . nent equal to 4.5 y5 au and the geometric progression ratio equal to 5.0 for each angular momentum. In this case, the diffuse d functions were omitted from the basis set when carrying out the geometry optimizations and the frequency calculations.
We tested that the MP2 values of E are not
affected by further extension of the sp and d diffuse sets or inclusion of diffuse f symmetry functions. In fact, the calculations with the sp-only diffuse sets recover more than 92% of E , which
justifies their use for geometry optimizations. For CH CN and C H , we also tested that extension 3 3 2 of the valence part of the basis set to aug-cc-pVTZ, keeping the diffuse sp set fixed, does not introduce significant changes in the MP2 values of E .
The electron binding energies of the three molecules studied here are less than 0.07 eV. Beyond the KT level, they are obtained by subtracting the energies calculated for the anions from those of the neutrals. This procedure favors the use of size-extensive methods such as the MP perturbation theory and the coupled-cluster method with single, double, and noniterative triple excitations w Ž .x w x CCSD T 22 .
The MP2 contribution to the electron binding energy was separated into a dispersion-like interaction between the loosely bound electron and the electrons of the neutral molecule, denoted
and a nond ispersion term 
Results and Discussion

GEOMETRIES AND VIBRATIONAL FREQUENCIES
The geometrical parameters and harmonic vibrational frequencies for the neutral and anionic species are reported in Table I . For the anionic UHF wave functions, the value of S 2 remains 0.75000, which indicates a lack of spincontamination. For the neutral CH CN, we also 3 tested that the UHF solution is identical to the RHF solution. Moreover, the equilibrium structure and harmonic vibrational frequencies are identical at the UMP2 and RMP2 levels. Henceforth, we believe that comparison of the properties of the open-shell anions and closed-shell neutrals, studied at the UMP2 and RMP2 levels, respectively, is meaningful.
For the neutral species, the discrepancies between our geometrical parameters and experimen-Ž w x. tal CH CN 31 or highly accurate theoretical Ž . Ž . substantial for HF see Table I . For C H , the 2 3 2 CC bond lengths are primarily affected but the Ž . changes do not exceed 0.002 A. For HF , the 2 electron attachment leads to sizable changes in the mutual orientation of the two HF moieties. This is reflected by changes of 9Њ and 16Њ in ␣ and ␤, respectively. There is also an elongation of the HF bond lengths by 0.003 and 0.004 A, for the proton donor and acceptor molecules, respectively. Due to distortion between the anion and neutral, the photoelectron spectrum of the dipole-bound Ž . anion of HF is expected to display a vibrational 2 structure.
The change of the harmonic zero-point vibrational energy upon electron attachment is 4, 15, Ž . spectively see Table I . For CH CN, the normal 3 modes of the anion agree to within 2 cm y1 of those of the neutral molecule, whereas for C H , two 3 2 modes experience a frequency decrease of 12 cm y1 and a third a decrease of 7 cm y1 due to the Ž . attachment of the electron. For HF , the intra-2 monomer vibrational frequencies are softened and the intermonomer frequencies are stiffened upon electron attachment. The largest shifts are for the two intramolecular HF stretching modes, which are reduced by 112 and 123 cm y1 upon formation of the dipole bound anion.
PROPERTIES OF NEUTRAL SPECIES
The SCF and MP2 values of dipole moments and polarizabilities for the neutral species are presented in Table II . For CH CN and C H , these 3 3 2 properties are reported for the MP2-optimized geometry of the neutral molecules, whereas for Ž . HF , they are reported for both the optimized Due to its conjugated system of bonds, C H 3 2 Ž . is more polarizable along the z long axis than is CH CN, whereas the dipole polarizabilities per-3 pendicular to the molecular axis are similar for Ž . these two molecules. HF is much less polariz-2 able than is C H or CH CN, and there is no Table I . c Geometry of the anion molecule from Table I. significant change in its polarizability tensor upon geometrical relaxation to the anionic structure. The values of the polarizabilities are not strongly affected by the inclusion of correlation effects.
ELECTRON DETACHMENT ENERGIES
In Table III , we report the incremental contributions to the electron binding energies calculated at w Ž ''successive'' levels of theory SCF, MPn n s . Ž. x 2, 3, 4 , and CCSD T for all three molecules at the geometries of the neutrals. For the HF dimer, the results are also reported at the optimal geometry of the anion. with the finding that the two molecules have nearly the same dipole moments in the SCF approxima-Ž . tion. In contrast, HF has a larger electron bind-2 ing energy even though it has a smaller dipole moment than has CH CN or C H . We speculate 
Ž .
leading to the larger value of E in HF .
For HF , E increases from 72 cm at the
optimal geometry of the neutral to 165 cm y1 at the optimal geometry of the anion, consistent with the sizable increase in the dipole moment accompanying the geometry changes. Clearly, it is the rapid increase of the binding energy with increasing dipole moment that drives the geometry change in going from the neutral to the anionic species.
The SCF binding energies include orbital relaxation and thus take into account both static polarization of the neutral molecule by the weakly bound electron and back-polarization. For all three systems, relaxation of the molecular charge distribution in the presence of the dipole-bound elec-Ž y1 . tron leads to relatively small -14 cm increases in the binding energies. The values of ⌬ E SCF do not correlate with the polarizability ten-
sors of neutral molecules reported in Table II , which may reflect a different average separation between the loosely bound electron and the neutral core for different systems. The total electron correlation contribution to E encompasses two physically distinct effects:
1 dynamical correlation between the loosely bound electron and the electrons of the neutral Ž . molecule, and 2 the change in the binding energy due to improved description of the molecular dipole of the neutral ''core.'' The former correlation effect, analogous to the dispersion interaction in van der Waals systems, first appears at the MP2 level and is denoted ⌬ E M P 2-di s p . The remainder the changes of the dipole moment of the neutral species brought about by the inclusion of correla-Ž . tion effects. For CH CN and HF , correlation 3 2 effects act so as to decrease the dipole moment and ⌬ E M P 2-n o-di s p is negative, whereas for C H , cor-
relation effects lead to an enhanced value of the dipole moment and a positive value of
For HF , ⌬ E increases from 59 cm at the
optimal geometry of the neutral to 103 cm y1 at the optimal geometry of the anion. This increase is apparently due to enhancement of the dipole moment brought about by the geometrical distortion Ž . in going from the neutral to the HF anion. This, 2 in turn, causes a more localized dipole-bound electron and increased importance of ⌬ E M P 2 . Due to
the strong dependence of ⌬ E M P 2 on the structure based on the electronic energy differences from Table III and the MP2 zero-point vibrational energy differences from Table I and amount to 112 y1 Ž . and 188 cm , respectively. Formally, the CCSD T energy of the anion should be recalculated at the anion equilibrium geometry, but we tested that for these molecules the differences between the MP2 energy of the anion as calculated at the anion and the neutral geometries are much smaller than are the values of ⌬ E v i b reported in Table I Ž . y and HF demonstrate that the traditional model 2 of dipole-bound states, which includes only the electrostatic interaction between an electron and the rigid dipole, is far from complete. In particular, the dispersion interaction between the loosely bound electron and the electrons of the neutral molecule is an important component of the electron binding energy for all three systems considered. It is of comparable magnitude to the electrostatic electron᎐dipole stabilization. In addition, it is found that electron correlation effects beyond the MP2 level contribute substantially to the electron binding energy.
The geometrical relaxation of the molecular framework upon electron attachment and the difference in zero-point vibrational energy between the neutral and the dipole-bound anion are found to be unimportant for CH CN and C H . In con- trast, for the HF dimer, electron attachment leads to a sizable geometrical distortion, primarily in intermonomer degrees of freedom, which is accompanied by an enhancement of the dipole moment of the neutral and a larger electron binding energy. In fact, the electronic energy difference between the neutral and the anion increases from 224 cm y1 for the structure of the neutral to 387 cm y1 for the structure of the anion. The geometrical distortion is accompanied by a change in the zero-point vibration energy of 76 cm y1 . Large geometry changes upon electron attachment are expected to be general for clusters of polar molecules. 
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